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Abstract: Atmospheric-oceanic circulations (teleconnections) have an important influence on regional
climate. In Great Britain, the North Atlantic Oscillation (NAO) has long been understood as the
leading mode of climate variability, and its phase and magnitude have been found to influence
regional rainfall in previous research. The East Atlantic Pattern (EA) is also increasingly recognised as
being a secondary influence on European climate. In this study we use high resolution gridded rainfall
and Standardised Precipitation Index (SPI) time series data for Great Britain to map the monthly
rainfall signatures of the NAO and EA over the period January 1950–December 2015. Our analyses
show that the influence of the two teleconnections varies in space and time with distinctive monthly
signatures observed in both average rainfall/SPI-1 values and incidences of wet/dry extremes. In the
winter months the NAO has a strong influence on rainfall and extremes in the north-western regions.
Meanwhile, in the southern and central regions stronger EA-rainfall relationships are present. In the
summer months opposing positive/negative phases of the NAO and EA result in stronger wet/dry
signatures which are more spatially consistent. Our findings suggest that both the NAO and EA have
a prominent influence on regional rainfall distribution and volume in Great Britain, which in turn
has implications for the use of teleconnection forecasts in water management decision making. We
conclude that accounting for both NAO and EA influences will lead to an enhanced understanding
of both historic and future spatial distribution of monthly precipitation.
Keywords: North Atlantic Oscillation (NAO); East Atlantic Pattern (EA); rainfall signatures; spatio-
temporal analysis; Great Britain
1. Introduction
The North Atlantic Oscillation (NAO) has long been recognised as the first mode of
climate variability in the North Atlantic region [1,2]. The NAO teleconnection is defined by
the sea level pressure (SLP) variation between the Icelandic low-pressure action point and
the Azores anticyclone. When the SLP difference between these two meridional dipoles is
greater than normal, the NAO is described as being in a positive phase (NAO+), whilst a
NAO negative phase (NAO−) represents a weaker than usual difference in SLP between
the Icelandic Low and Azores High [3].
North Atlantic Oscillation Indices (NAOIs) are calculated to quantify the phase and
magnitude of the NAO at monthly, seasonal and annual scales, and have been used to assess
the influence of the NAO on spatial distributions and deviations in rainfall, temperature
and other hydrometeorological variables. In Great Britain, significant correlations which
vary in space and time have been found between the NAOI and measured and modelled
rainfall. During the winter in the north-west of the country positive correlations are often
reported, indicating that NAO+ phases result in higher rainfall in these regions, and
NAO− phases result in drier conditions [4–8]. West et al. [9] used high resolution gridded
rainfall datasets to quantify the deviation in average monthly rainfall under NAO+/−
phases compared to weak NAO neutral conditions, finding that during the winter months
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deviations in average monthly rainfall volume can be as high as 200–300 mm in the north-
west. Meanwhile in the southern and eastern regions weaker negative correlations between
the NAOI and rainfall are found [8,10].
Typically, the magnitude of the NAOI is weaker in the summer months compared to
winter [11]. Despite this, significant correlations between the summer NAOI and rainfall
have also been reported. These correlations are typically negative for most of Great
Britain [12,13], with NAO+ phases resulting in drier conditions and NAO− phases in
wetter conditions [9]. Although it should be noted that NAOI-rainfall correlations can be
sensitive to the method of NAOI calculation, notably the choice between indices derived
from station-measured or modelled SLP data [14]. Additionally, studies have explored
how these NAO-rainfall deviations variably propagate through catchments to influence
streamflow [6,15–17], groundwater [18,19] and fluvial water temperatures [20].
However, West et al. [21] observe that whilst average and relatively consistent rainfall
responses to the NAO across Great Britain can be observed in line with the above descrip-
tions, there can also be significant spatio-temporal variability in regional NAO-rainfall
responses. For example, whilst in the north-west of the country more consistent NAO+/−
wet/dry rainfall responses in winter were found, significant NAO-rainfall variability can
occur in the central, southern and eastern areas, with some regions having equal likelihood
of wetter/drier conditions and extremes [21]. The spatial and temporal variability in the
rainfall response to the NAO across Great Britain has been noted as a potentially limiting
factor in the inclusion of even highly accurate monthly/seasonal NAO forecasts in water
management decision making [13,21,22].
NAO-rainfall response variability may be associated with the phase and magnitude
of other North Atlantic/European atmospheric-oceanic circulations which may enhance
or moderate the effect of the NAO in influencing regional rainfall in Great Britain [13,21].
Research continues to highlight the importance of the East Atlantic Pattern (EA) in influenc-
ing European climate. The EA was first described by Wallace and Gutzler [23] and is cited
as the second mode of climate variability in the North Atlantic following the NAO [24,25].
Barnston and Livezey [26] identified a well-defined EA monopole south of Iceland and
west of the United Kingdom (approximately 55◦ N; 20–35◦ W), a definition frequently used
in research [24,27,28] and by NOAA in the calculation of their EA teleconnection index [29].
The influence of the EA on rainfall distribution and deviations in Great Britain is less
well defined than it is for the NAO; however, associations in both winter and summer have
been identified. Significant positive correlations between the EA and rainfall have been
reported across Great Britain [23,30] with precipitation anomalies in the central, southern
and eastern regions possibly associated with varying phases of the EA [13]. Interestingly,
these are the same regions West et al. [21] note as having greater variability in NAO-rainfall
response. In the summer months positive EA-rainfall correlations persist, albethey of a
weaker strength [13].
Given the variability that can be observed in NAO rainfall signatures [21,22], interac-
tions between the NAO and EA and their combined effect on spatial rainfall distributions
across the North Atlantic and Europe have been explored. Moore et al. [31,32] found that
the EA has the potential to influence the location and magnitude of the NAO dipoles.
Analysis using long-term indices derived from ship logbooks [33] shows that winter pre-
cipitation distribution and magnitude (and temperatures) across Europe is sensitive to the
phase and strength of both the NAO and EA [28]. The EA in particular was identified as
the dominant pattern in approximately 50% of winters in the last three centuries [28]. This
reinforces Comas-Bru and McDermott [24] who suggested that through a combination of
the NAO and EA we may be more able to accurately describe winter climate variability
in Europe.
To date, studies which identify the combined effect of the NAO and EA on rainfall
in Great Britain have been based on relatively coarse spatial resolution datasets (due to
having a focus across the wider North Atlantic/European region) or have been temporally
restricted to specific seasons (notably winter). This study aims to contribute to research
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seeking to identify the effect of the NAO and EA (and their interaction) on rainfall patterns
in Great Britain by using relatively high resolution rainfall datasets to map the spatio-
temporal monthly rainfall signatures of the NAO and EA over a 65-year period (January
1950–December 2015).
2. Materials and Methods
2.1. Data
Monthly indices for the NAO and EA were sourced from the NOAA Climate Predic-
tion Center [29] for the time period January 1950–December 2015. This time period was
chosen as it represents the longest period with available data for both the teleconnection
indices and rainfall datasets (described below). The CPC use the rotated principal com-
ponent analysis (RPCA) approach of Barnston and Livezey [26] to identify and quantify
northern hemisphere teleconnection patterns at a monthly scale, including the NAO and
EA. Teleconnection indices calculated through modelling approaches such as RPCA avoid
the limitations associated with station-measured indices [14]. The modelled monthly tele-
connection indices from the NOAA CPC are frequently used in similar research assessing
the hydrometeorological and climatological impact of atmospheric-oceanic circulations
globally [24,30,34–37].
Two precipitation datasets were used to assess the influence of the NAO and EA on
regional rainfall in Great Britain. Monthly rainfall totals were obtained from the UK Centre
for Ecology and Hydrology (CEH) Gridded Estimates of Areal Rainfall (GEAR) dataset [38]
for the period January 1950–December 2015. This dataset has a spatial resolution of
1 km and is based on interpolation of rainfall observations from the Met Office national
database [38]. Alongside the GEAR data, Standardised Precipitation Index (SPI) time
series with a one-month accumulation period (SPI-1) were also downloaded for the study
period from CEH. The SPI was calculated by fitting a gamma distribution to historical
rainfall estimates with a standard period of 19612010, using the Met Office 5 km rainfall
grids [39,40]. Two variants of the SPI-1 data were used in this analysis: a 5 km gridded
monthly dataset [39], and aggregated monthly SPI-1 values for the Integrated Hydrological
Unit Groups (IHU) of Great Britain [40]. In both variants of the SPI-1 dataset, positive
values indicate wetter conditions, whilst negative values indicate drier conditions. The
theoretical maximum/minimum of the dataset is 5/−5, representing significant wet/dry
extremes; however, 95% of the values are within the range −2 to 2 [39,40].
2.2. IHU Group Correlation Analysis
Initially the relationships between the teleconnection indices and rainfall were ex-
plored individually, in other words the NAO-rainfall effect and EA-rainfall effect were
analysed separately. Spearman correlation coefficients were calculated between the two
teleconnections indices from the NOAA CPC and the SPI-1 values for the IHU Groups.
Correlations were calculated for each calendar month and mapped. This correlation anal-
ysis allowed for the identification of the individual relationship between the NAO/EA
and rainfall (represented by the IHU Group SPI-1 values) in Great Britain, and how these
relationships vary in space and time.
2.3. Mean SPI-1 and Rainfall Analysis
The phase of both the NAO and EA was identified for each calendar month across the
study period (January 1950–December 2015). Removing these weak monthly teleconnection
index values allowed for the identification of clear monthly NAO/EA phase-rainfall signa-
tures [24,41]. NAO/EA Positive phases were identified where the respective teleconnection
index was greater than 0.25, whilst NAO/EA Negative phases were identified where the
index was less than −0.25. Months with either NAO or EA index values between these
two thresholds were removed from subsequent analyses. Figure 1 shows the frequency of
NAO/EA positive and negative phase combinations for each month.
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The SPI-1 data is conveniently scaled between positive and negative values indicat-
ing wetness/dryness relative to a standard period (1961–2010 for the datasets used in this 
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indicate the severity of the wet/dry conditions (Table 1). 
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tremely dry thresholds (Table 1) were exceeded. This was undertaken using the 5 km 
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The SPI-1 data is conveniently scaled between positive and negative values indicating
wetness/dryness relative to a standard period (1961–2010 for the datasets used in this
study). A common approach to interpreting the SPI, and similar standardised hydromete-
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To identify the relationship between the NAO and EA and significant wet and dry me-
teorological events, we map the percentage of time for each NAO/EA phase combination
different SPI-1 thresholds are exceeded (i.e., the frequency of occurrence divided by the
number of times that NAO/EA phase combination occurs—see Figure 1). In this analysis
we identified the percentage of time extremely wet, very wet, severely dry and extremely
dry thresholds (Table 1) were exceeded. This was undertaken using the 5 km gridded
SPI-1 dataset, identifying for each calendar month any spatial and temporal patterns in the
distribution of extreme wet and dry events across Great Britain.
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3. Results
3.1. IHU Group Correlation Analysis
Figure 2 presents the results of the monthly correlation analyses between each of
the teleconnection indices and the SPI-1 data at IHU Group level. In these correlation
time series, positive correlations (shaded in blue) indicate that NAO/EA+ phases result
in higher (wetter) SPI-1 values, meanwhile NAO/EA− phases result in lower (drier)
SPI-1 values. Negative correlations (shaded in red) indicate the opposite teleconnection
wet/dry relationship.
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Noteworthy spatio-temporal differences can be observed between the NAO and EA
correlation time series. In the winter months (DJF), strong positive correlations were found
between the NAO and SPI-1 in the north-western regions of the country, with weaker and
some negative correlations in the southern and eastern IHUs. Spring (MMA) is marked by a
transition from positive to negative NAO/SPI-1 correlations, which persist and strengthen
in the summer months (JJA). The negative correlations between the SPI-1 and NAO are
significant in most IHUs, with the exception of the far north-west.
Whilst the NAO correlation time series are marked by the positive-negative winter-
summer transition described above, the EA has a more consistent positive relationship
with the IHU SPI-1 values across the year. Stronger correlations between the EA and SPI-1
were found in the winter months, particularly in the southern and central regions of the
country. Winter EA correlations in the north-west, where the NAO was strongly positively
correlated with SPI-1, were weak and non-significant. Fewer significant correlations were
found in the summer months, with the exception of August; however, the relationship
remains positive.
3.2. Average Monthly Rainfall and SPI-1 Analysis
Figure 3 shows the average monthly rainfall based on the GEAR dataset under each
NAO/EA phase combination for the nine Met Office Climate Districts for Great Britain.
Figure 4 shows the same data; however, the months/phase combination are ranked from
highest to lowest average monthly rainfall volume. Mapped averages of the 1 km GEAR
dataset can be found in Appendix A. Figure 5 shows the average monthly SPI-1 value for
each 5 km pixel, and Figure 6 plots the winter and summer NAO and EA monthly indices
with the points symbolised based on the average SPI-1 value for that Climate District.
In the southern districts, such as East Anglia or England SW and Wales S, the months
with the highest average rainfall also occur during late autumn and winter, but in associa-
tion with EA+ phases (Figures 5–7). For example, the five wettest months on average in
East Anglia all occur under a phase combination of NAO− and EA+ conditions, and the
nine wettest months on average (exceeding 150 mm) in England SW and Wales S occur
when the EA is in a positive phase (Figure 4). Drier than average conditions in the southern
and central climate districts are typically associated with EA− phases during the winter
months (Figures 5–7).
These findings suggest that during winter the NAO has a stronger influence on average
wet/dry conditions in the northern and western regions, whilst the EA has a stronger
influence on the central, southern and eastern regions. On average, wetter conditions across
the country occur when both teleconnections are in a positive phase, and the driest average
conditions when both are in a negative phase (Figure 5). Combinations of NAO/EA in
opposing phases result in more marked spatial differences in wet/dry conditions between
the north-west and south-east regions during winter (Figure 5).
In most Climate Districts, the months with the lowest average monthly rainfall
(50–100 mm) occur in late spring and throughout summer and are generally associated
with EA− phases and NAO+ phases (Figure 4). During the summer months both telecon-
nections have a more spatially consistent influence on rainfall than in winter. Typically,
the driest summer months are associated with a combination of EA− and NAO+ phases
(Figure 5), convergent with the inverse NAO/SPI-1 correlations presented in Figure 2.
Wetter average conditions are associated with a combination of EA+ and NAO− phases
(Figure 5). For example, average summer monthly rainfall is approximately half the depth
under EA−/NAO+ phases as under EA+/NAO− phases in the England SW and Wales S
Climate District (Figure 3). Smaller differences in wet/dry signals are found in the summer
months when both teleconnections are in the same phase (Figure 5).
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tion and volume in Great Britain. As with the correlation analysis in Figure 2, the relative 
influence of the two teleconnections clearly varies in space and time. In the northern Cli-
mate Districts of Scotland North and West, the months with the highest average monthly 
rainfall occur during late autumn and winter and are clearly associated with NAO+ phases 
(Figure 5), with average monthly rainfall exceeding 200 mm (Figure 3). The highest aver-
age rainfall volumes are found in these regions when both the NAO and EA are in positive 
phases (Figure 4). Drier average conditions occur in the north-west when the NAO is in a 
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3.3. SPI-1 Threshold Frequency Analysis
Figures 8 and 9 show the percentage of time (Figure 1) the very wet (SPI-1 > 1.5) and
extremely wet (SPI-1 > 2.0) SPI-1 class thresholds are exceeded for each calendar month
across the study period. Figures 10 and 11 show the percentage of time that severely dry
(SPI-1< −1.5) and extremely dry (SPI-1 < −2.0) thresholds are exceeded.
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The SPI-1 class frequency analysis shows spatio-temporal variability in the extent of
wet/dry extremes relative to the combination phases of the NAO and EA teleconnections.
Figures 8 and 9 show that during the winter months the north-western areas have a higher
incidence of very/extremely wet/dry conditions when both the NAO and EA are in a
positive phase. Wetter conditions throughout the year are more likely in the southern,
eastern and central regions when the EA is in a positive phase. In the summer months the
phase combination of NAO− and EA+ is most likely to result in very wet conditions across
most Climate Districts. The occurrence of very/extremely wet conditions in the summer
months with NAO+ and EA− phases is very low.
Conversely, opposite patterns in the spatio-temporality of severe and extreme dry
events are shown in Figures 10 and 11. In the winter months there is a high incidence
of severely dry conditions in the north-west under NAO− phases, independent of the
phase of the EA. Meanwhile severely dry conditions have a higher frequency of occurrence
in the southern regions when the EA is negative, a pattern which is present in most
calendar months. In the summer months, the phase combination of NAO+ and EA−
phases has the highest incidence of severe/extreme dry conditions across Great Britain.
In the summer months, the incidence of severe/extreme dry conditions in other phase
combinations is considerably less. These findings regarding the spatio-temporal variability
in the occurrence of wet/dry extremes corroborate the correlation and average rainfall/SPI-
1 analyses discussed above and demonstrate the combined role of both teleconnections in
influencing the spatial distribution and frequency of wet/dry extremes.
4. Discussion
This study used high-resolution gridded rainfall datasets for Great Britain to map the
spatially variable rainfall signatures of the NAO and EA atmospheric-oceanic circulations,
contributing to research exploring the effect of and interactions between these two North
Atlantic teleconnections.
Our correlation and analyses of high-resolution gridded rainfall and SPI-1 datasets
presents a new understanding of the spatially variable influences of the NAO and EA
on rainfall depth and distribution in Great Britain. During winter, we find that the NAO
has a strong influence on regional rainfall in the north-western areas, with significant
wet/dry conditions associated with NAO +/− phases (Figures 8–11), a general relationship
identified in previous research [4,6–9]. The effect of the EA in the north-western area during
winter appears to be more limited. Conversely the southern, central and eastern regions
show a stronger relationship between wet/dry events and the phase of the EA, with wetter
conditions in these areas associated with EA+ conditions (Figures 8 and 9), and drier
conditions EA− (Figures 10 and 11).
The typical NAO-rainfall response in Great Britain is often noted as being along a
NW/SE gradient during the winter months, with opposing wet/dry responses observed
in these two regions [9,21]. Our findings suggest that this spatially variable response is
potentially dependent on the phase and strength of the EA, with the opposing NW/SE
rainfall responses being conditional on whether the EA is in the same or opposite phase to
the NAO (Figure 5). Less distinctive spatial differences in the relative influence of the NAO
and EA were found in the summer months, with the NAO in particular having a more
spatially homogenous signature [9,11,13]. The more spatially consistent rainfall signatures
in the summer months may be associated with greater convective, rather than orographic,
rainfall generation [6,9,21]. The wet/dry directionality of the rainfall response to the NAO
is also inverted during the summer as the positive winter correlations become negative
(Figure 2). These spatio-temporally variable effects of the NAO and EA were found in
average rainfall/SPI-1 values (Figures 3–7) and the analysis of extreme wet/dry event
occurrence (Figures 8–11).
Our analyses exploring the interaction between the phases of both the NAO and
EA reveal the two teleconnections can either enhance or moderate the regional rainfall
influence of each. For example, when both teleconnections are in a positive phase during
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the winter months, generally higher rainfall averages were found (Figure 5) and the
occurrence of very/extremely wet conditions was high across the country (Figures 8 and 9),
although most notably in the north-west. Moore et al. [32] explored the combined effect of
NAO/EA phases on winter mean SLP across the North Atlantic region (see their Figure 6);
NAO+/EA+ phases result in a southwesterly movement and strengthening of the Icelandic
Low, with lower SLP extending over the North Atlantic and Great Britain, increasing
the likelihood of higher rainfall. Conversely under NAO−/EA− phases the Icelandic
Low dipole experiences higher than average SLP, resulting in an extended area of higher
pressure over Great Britain [32], producing drier conditions. When the NAO and EA are in
opposing +/− phases this results in a northeasterly movement of the two dipoles and a
more marked difference in SLP between Iceland and the Azores [32]. This manifests in our
analysis as a clear NW/SE rainfall signature across Great Britain (Figure 5).
In our analysis, the combination of NAO+ and EA− phases results in the driest
average conditions during the summer months (Figure 5) and the highest probably of
severe dry conditions occurring (Figure 10). Conversely NAO− phases were found to be
typically associated with wetter conditions (Figure 5). Folland et al. [11] identified that a
positive summer NAO is associated with a northward movement of the North Atlantic
storm track, and easterly winds bringing warm air from continental Europe. Conversely, a
negative summer NAO is associated with a southward movement of the storm track [11]
resulting in higher rainfall across Great Britain.
Our analyses also show how the EA can have a moderating effect on the regional
NAO-rainfall response. For example, during the summer months more diluted rainfall
signatures (Figure 5) and lower occurrence rates of wet/dry extremes (Figures 8–11) were
found when both the NAO and EA were in the same phase. This may be associated with the
effect of the summer NAO N/S movement of the storm track [11] being either moderated
or enhanced by the EA (as is the case during the winter months [32]).
West et al. [21] analysed the spatio-temporal variability in the regional rainfall response
to the NAO in Great Britain, finding that whilst more consistent responses were found in
the north-west during winter, in the southern, central and eastern regions more wet/dry
variability can be observed. Based on the results presented in this study, we suggest that
some of this wet/dry variability is potentially associated with the phase and strength of
the EA, which has consistent positive correlations with SPI-1 values in the southern and
central regions throughout the year (Figure 2). Comas-Bru and McDermott [24] suggest
that through a combination of both the NAO and EA we may be able to describe winter
climate variability more accurately; our analyses support this observation and highlight
that this is also true in the summer months.
The findings of this study also have implications for the inclusion of monthly and
seasonal NAO forecasts in water management decision making, which is potentially limited
due to NAO-rainfall response variability [22]. Whilst NAO forecasts may contain useful
information for the north-western areas during the winter months, they are likely to
be less useful in the south [21]. This implies that even highly accurate NAO forecasts
are not enough to fully predict regional rainfall across Great Britain [13]. Our analyses
reveals that the phase and strength of the EA might, to an extent, explain NAO-rainfall
response variability. EA indices might therefore serve as a useful addition to regional
hydrometeorological forecasting research, and predictions of both the NAO and EA several
months in advance might be of practical use to water resource managers. However, as far
as we are aware, no EA forecasting skill improvements have been reported in recent years,
as has been the case with the winter NAO [43,44].
In this study we used monthly modelled teleconnection indices from NOAA [29] to
quantity the NAO and EA, with positive/negative phases defined by a threshold of ±0.25.
It is important to note that there is no fixed approach to defining the phases of atmospheric
circulations [45], and there is scope for future work to examine the sensitivity of the rainfall
signatures identified in this study to the method of phase definition. There is also scope
for future research to apply the high-resolution rainfall products used in this study to
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examine the influence of and interactions between other atmospheric-oceanic circulations
not considered in this analysis, which may include the Scandinavian Pattern [24,46,47] and
East Atlantic/West Russia Pattern [48–50] which have also been associated with variability
in European climate. There is also scope to explore at a high resolution the influence of
phases of the NAO/EA on the location and strength of the Icelandic Low and Azores High
meridional dipoles, and how the relationship between the NAO/EA and rainfall might
have changed over time, especially given the winter EA index positive trend which has
been found in some studies [25].
5. Conclusions
This study used high-resolution gridded rainfall and SPI-1 datasets to map the monthly
rainfall signatures of the North Atlantic Oscillation (NAO) and East Atlantic Pattern (EA)
in Great Britain, with the aim of contributing to research exploring the interaction between
these two atmospheric-oceanic circulations. Our findings show that the influence of the
two teleconnections varies in space and time with distinctive signatures observed in both
average rainfall/SPI-1 values and wet/dry extremes. In the winter months our analyses
show the strong influence of the NAO on average monthly rainfall and extreme wet/dry
events in the north-western regions of Great Britain. Meanwhile, in the southern, central
and eastern regions stronger EA-rainfall relationships were present, which is significant
given that these regions have been reported as having more variable NAO-rainfall re-
sponses in previous research. In the summer months we find that opposing +/− phases of
the NAO and EA indices produce stronger wet/dry signatures, with average conditions
when the two teleconnections are in the same phase being more diluted, resulting in a
lower probability of wet/dry extremes.
Our findings suggest both the NAO and EA have a prominent influence on regional
rainfall distribution and volume in Great Britain, which has implications for the use
of teleconnection forecasts in water management decision making. We conclude that
accounting for both NAO and EA influences will lead to an enhanced understanding of
both historic and future spatial distribution of monthly precipitation.
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